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VOLTAGE CONTROLLED OSCILLATION
CIRCUIT

RELATED APPLICATIONS

This application 1s the U.S. National Phase under 35 U.S.C.
§371 of International Application No. PCT/IP2007/054821,
filed on Mar. 12, 2007, which 1n turn claims the benefit of
Japanese Application No. 2006-080199, filed on Mar. 23,
2006, the disclosures of which Applications are incorporated
by reference herein.

TECHNICAL FIELD

The present invention relates to a voltage controlled oscil-
lation circuit which 1s applied to a PLL (Phase Locked Loop)
circuit and of which an oscillation frequency 1s controlled
according to an 1nput voltage.

BACKGROUND ART

For a PLL circuit, a voltage controlled oscillation circuit of
which an oscillation frequency 1s controlled according to an
input voltage 1s used (see, for example, Patent Reference 1).

There 1s a known voltage controlled oscillation circuit
formed so as to have, for example, a configuration of FIG. 5.
A voltage controlled oscillation circuit 400 of FIG. 5 includes
a cascade connection of a voltage-to-current conversion cir-
cuit 410 and a current controlled oscillation circuit 420. The
voltage-to-current conversion circuit 410 1s a circuit for gen-
erating a current (1.e., an mput voltage converted current)
corresponding to an input voltage (i.e., an input voltage Vin).
Moreover, the current controlled oscillation circuit 420 1s a
circuit of which an oscillation frequency 1s changed accord-
ing to the input voltage converted current generated by the
voltage-to-current conversion circuit 410.

The voltage-to-current conversion circuit 410 1includes an
N-channel MOS transistor 411, a P-channel MOS transistor
412 and a resistor 413.

The N-channel MOS transistor 411 has a gate connected to
the 1nput voltage Vin and a drain connected to a gate and a
drain of the P-channel MOS transistor 412. A source of the
N-channel MOS transistor 411 1s grounded via the resistor
413. The P-channel MOS transistor 412 1s a transistor con-
stituting an mput voltage converted current source and has a
source connected to a power source VDD.

The current controlled oscillation circuit 420 includes
delay cells provided 1n a plurality of stages. The number of
stages of the delay cells may be an odd number larger than 2.
In the following description, an example 1n which the current
controlled oscillation circuit 420 ncludes delay cells 421
through 427 provided in seven stages will be shown.
Although only two delay cells, 1.e., delay cells 421 and 427
are 1llustrated 1n an example shown 1n FIG. 5, delay cells 422
through 426 are provided between the delay cells 421 and
427. That 1s, the delay cell 421 1s a delay cell 1n the first stage
and the delay cell 427 1s a delay cell in the last stage. The delay
cells all have the same configuration and, therefore, the delay
cell 421, representing the delay cells, will be described.

Asshownin FIG. 5, the delay cell 421 includes a P-channel
MOS transistor 421a, a P-channel MOS transistor 42154, an
N-channel MOS transistor 421¢ and a capacitor 4214.

The P-channel MOS ftransistor 421a constitutes a current
source. A source of the P-channel MOS transistor 421a 1s
connected to a power source VDD, a drain thereof 1s con-
nected to a source of the P-channel MOS transistor 4215.
Moreover, a gate of the P-channel MOS transistor 421a 1s
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2

connected to a potential of a node of a gate and a drain of the
P-channel MOS transistor 412 and a drain of the N-channel
MOS transistor 411.

The P-channel MOS transistor 4215 has a drain connected
to a drain of the N-channel MOS transistor 421¢ and 1s
grounded via the capacitor 421d. A source of the N-channel
MOS transistor 421c¢ 1s grounded.

Respective drains of the P-channel MOS transistor 4215
and the N-channel MOS transistor 421¢ which constitute a
delay cell are connected to respective gates of the P-channel
MOS transistor 4215 and the N-channel MOS transistor 421c¢
of constituting a delay cell 1n the subsequent stage. Moreover,
the drains (which will be referred to as output ends) of the
P-channel MOS ftransistor 4215 and the N-channel MOS
transistor 421¢ constituting a delay cell 1n the last stage are
connected to respective gates of the P-channel MOS transis-
tor 4215 and the N-channel MOS transistor 421 ¢ constituting
a delay cell 1n the first stage.

The operation of the voltage controlled oscillation circuit
400 will be described.

First, the N-channel MOS transistor 411 1s connected 1n a
source follower connection. When the mput voltage Vin 1s
larger than Vth, a potential of a node (1.e., a node A) of the
N-channel MOS transistor 411 and the resistor 413 1s about
(Vin—Vth). Vth 1s a threshold voltage of a transistor. There-
fore, when the 1input voltage Vin 1s changed, the potential of
the node A 1s changed. IT a resistance value of the resistor 413
1s R413, a current (i.e., an mput voltage converted current
value Io) flowing 1n the resistor 413 can be determined by:

To=(Vin-Vth)/R413.

An equal current to the above current flows in the N-chan-
nel MOS transistor 411 and the P-channel MOS {transistor
412 constituting the mput voltage converted current source.
Accordingly, the mput voltage Vin 1s shifted by Vth and thus
a linear current to the mput voltage Vin flows in the mput
voltage converted current source (1.e., the P-channel MOS
transistor 412).

On the other hand, the potential of the gate and drain of the
P-channel MOS transistor 412 and the drain of the N-channel
MOS transistor 411, which determines a current of the mput
voltage converted current source (1.e., the P-channel MOS
transistor 412), determines a current value of a current source
(1.e., the P-channel MOS transistor 421a) 1n each delay cell in
the current controlled oscillation circuit 420. Thus, respective
current values of those current sources are equal to one
another.

Subsequently, the operation of a delay cell will be
described. When a voltage applied to the gates of the P-chan-
nel MOS transistor 4215 and the N-channel MOS transistor
421c¢ 1n a delay cell 1s a Low level, the P-channel MOS
transistor 4215 passes a current and the N-channel MOS
transistor 421¢ does not flow a current. In this case, a current
value of a current which the P-channel MOS transistor 42156
passes 1s determined by a current source (1.e., the P-channel
MOS transistor 421a) in the delay cell and the current value 1s
an input voltage converted current value Io. By this current,
the capacitor 421d 1s charged with electric charges and the
potential of a node of the P-channel MOS transistor 4215 and
the N-channel MOS transistor 421¢ 1s increased.

Next, when the voltage applied to the gates of the P-chan-
nel MOS transistor 4215 and the N-channel MOS transistor
421c¢ 1s increased from the Low level and exceeds the thresh-
old voltage Vth of the N-channel MOS transistor 421c¢, the
N-channel MOS transistor 421¢ passes a current. A current
which the N-channel MOS transistor 421¢ passes 1s deter-
mined by a voltage applied to the gates of the P-channel MOS
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transistor 4215 and the N-channel MOS transistor 421c¢. Fur-
thermore, when the voltage applied to the gates of the P-chan-
nel MOS transistor 4215 and the N-channel MOS transistor
421c¢ 1s 1increased and an amount of the current which the
P-channel MOS transistor 4216 passes 1s larger than an
amount of the current which the N-channel MOS transistor
421c passes, charges 1n the capacitor 421d are discharged and
the potential of the node of the P-channel MOS transistor
42156 and the N-channel MOS transistor 421¢ drops. The

delay cell repeats the above-described operation.

Next, the relationship between the input voltage converted
current value Io and an oscillation frequency (i.e., an oscilla-

tion frequency fout) of an output signal Vout (1.e., a signal
output from the drains of the P-channel MOS transistor 42156
and the N-channel MOS transistor 421¢) will be described.

The relationship between the input voltage converted cur-
rent value Io and the oscillation frequency fout of the output
signal Vout 1s determined by the number of stages of delay
cells. In this embodiment, the relationship between the input
voltage converted current value Io and the oscillation fre-
quency fout will be described using the case of delay cells 1n
seven stages as an example.

FIG. 6 shows voltages applied to respective gates of
P-channel MOS transistors 4215 and N-channel MOS tran-
sistors 421¢ 1n the delay cells 421 through 427. When a
voltage applied to the gates of the P-channel MOS transistor
4215 and the N-channel MOS transistor 421¢ 1n the delay cell

421 1s the Low level, a voltage applied to each of the gates of
the P-channel MOS transistor 4215 and the N-channel MOS

transistor 421¢ 1n the delay cell 422 1s increased. A current
which the P-channel MOS transistor 4215 1n the delay cell
421 passes 1s determined by a current of the power source
(1.., the P-channel MOS transistor421a) of the delay cell 421
and thus, as shown 1n FIG. 6, 1s increased 1n a constant slope.

When the voltage applied to the gates of the P-channel
MOS transistor 4215 and the N-channel MOS transistor 421 ¢
in the delay cell 422 is increased and the current which the
P-channel MOS transistor 4215 passes 1s larger than the cur-
rent which the N-channel MOS transistor 421¢ passes 1n the
delay cell 422, the voltage applied to the gates of the P-chan-
nel MOS transistor 4215 and the N-channel MOS transistor
421c¢ drops. At this time, the current which the N-channel
MOS transistor 421c passes 1s determined by the voltage
applied to the gates ol the P-channel MOS transistor 4215 and
the N-channel MOS transistor 421¢ 1n the delay cell 422, and
thus rapidly drops to the Low level. By repeating the above-
described operation by the delay cells, a signal with a prede-
termined oscillation cycle 1s output. The oscillation cycle 1s as
follows.

If a voltage applied to the gates of the P-channel MOS
transistor 4215 and the N-channel MOS transistor 421¢ when
the voltage applied to the gates of the P-channel MOS tran-
sistor 4215 and the N-channel MOS transistor 421¢ in a delay
cell 1s increased and the current which the P-channel MOS
transistor 4215 passes and the current which the N-channel
MOS transistor 421¢ passes are equal to each other 1s Vsw, a
time which it takes to increase from the Low level to Vsw 1s
Tsw and a capacitance value of the capacitor 4214 1s Co, the
oscillation cycle can be expressed by:

Tsw=CoxVsw/lo.

As shown 1n FIG. 6, in the case where delay cells are provided
in seven stages, 1 cycle 1s 7xTsw. In the same manner, 1n the
case where delay cells are provided in n stages, since 1 cycle
1s nx'T'sw, an oscillation frequency of the output signal Vout of
the nth stage cell can be expressed by:
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four=1/(nXTsw)

= fo/(nX Co X Vsw).

Therefore, the relationship between the mput voltage Vin
and the oscillation frequency fout of the output voltage Vout
1s expressed by:

Jout=(Vin-Vth)/(nxCox VswxR413).

Theretore, the input voltage Vin 1s shifted by Vth and thus the
oscillation frequency fout of the output signal Vout which 1s
linear to the input voltage Vin 1s achieved.

Patent Reference 1: Japanese Laid-Open Publication No.
5-145412

DISCLOSURE OF THE INVENTION

Problems that the Invention 1s to Solve

By the way, a voltage controlled oscillation circuit influ-
ences stability of a PLL circuit and thus 1s required to have the
characteristic that an output frequency to an input voltage 1s
linear.

However, 1n the above-described known voltage controlled
oscillation circuit, the linear characteristic of the oscillation
frequency fout of the output signal Vout to the iput voltage
Vin 1s excellent 1n a region with a lower frequency than a
predetermined frequency but the linear characteristic of the
oscillation frequency fout of the output signal Vout to the
input voltage Vin 1s deteriorated 1n a high frequency region
with a higher frequency than the predetermined frequency.

This 1s because 1n the known voltage controlled oscillation
circuit, 1t 1s permissible to assume that in a low frequency
region with a lower frequency than the predetermined fre-
quency, the voltage Vsw 1s constant despite the input voltage
converted current value Io but 1n the high frequency region
with a higher frequency than the predetermined frequency,
the dependency on Io 1s increased as described below.

Assume that a voltage applied to the gates of the P-channel
MOS transistor 4215 and the N-channel MOS transistor 421 ¢
1s Vsw and respective currents tlowing in the P-channel MOS
transistor 4215 and the N-channel MOS transistor 421c¢ are
142156 and 1421c, respectively. Then, the following expres-
s10ns hold.

1421b=Io
1421c=p/2x(Vsw-Vth) 2

Note that the symbol = is an exponentiation operator.

In the above expressions, for 3, pP=uxCoxxW/L (whereuis
the degree of electron movement, Cox 1s a gate capacitance,
W 1s a channel width of a transistor and L 1s a channel length
of a transistor) holds. Moreover, Vth 1s a threshold voltage of
a transistor.

Since above 14215 and 1421 ¢ are equal to each other, then

lo=Pp2x(Vsw-Vth) 2

holds. Vsw 1s expressed by the following expression using Io.
Vsw=Vth+(2xlo/Pp) 0.5
The above-described expression shows that the voltage Vsw

applied to the gates of the P-channel MOS transistor 4215 and
the N-channel MOS transistor 421¢ when the current which
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the P-channel MOS transistor 4215 passes and the current
which the N-channel MOS transistor 421¢ passes are equal to
cach other in a delay cell varies according to the input voltage
converted current value Io of the current source (1.e., the
P-channel MOS transistor 421a). In this case, the relationship
between the mput voltage converted current value Io and the
oscillation frequency fout of the output signal Vout is
expressed by:

Jout=lo/(nxCox(Vth+(2xio/P) 0.5))

where Co 1s a capacitance of the capacitor 4214,

The above expression shows that when the mput voltage
converted current value Io of the high frequency region, 1.e.,
the P-channel MOS transistor 421a 1s large, the oscillation
frequency fout of the output signal Vout 1s reduced and thus
results 1n deterioration of the linear characteristic.

In view of the above-described problems, the present
invention has been devised and 1t 1s therefore an object of the
present ivention to provide a voltage controlled oscillation
circuit which achieves a linear output frequency to an 1mput
voltage even 1n a high frequency region and improvement of
stability of a PLL circuit within a wide frequency range.

Solution to the Problems

To solve the above-described problems, the present mven-
tion, 1n one embodiment, 1s directed to a voltage controlled
oscillation circuit including a cascade connection of a volt-
age-to-current conversion circuit for generating an mput volt-
age converted current which 1s a current corresponding to an
input voltage and a current controlled oscillation circuit of
which an oscillation frequency varies according to the input
voltage converted current, and 1s characterized in that the
voltage-to-current conversion circuit includes a first current
source for outputting a current in proportion to the input
voltage and a plurality of second current sources for output-
ting a current 1n proportion to a voltage obtained by shifting
the input voltage and outputs, as the mput voltage converted
current, a current obtained by adding a current output from
the first current source and currents output from the plurality
ol current sources to the current controlled oscillation circuit.

Eftects of the Invention

According to the present invention, 1n a voltage controlled
oscillation circuit, a linear output frequency to an input volt-
age can be achieved with a wide frequency range. Therelore,
in a PLL circuit to which a voltage controlled oscillation
circuit according to the present mnvention 1s applied, stability
of the PLL circuit 1s improved 1n a wide frequency region.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram 1llustrating a configuration of a
voltage controlled oscillation circuit according to Embodi-
ment 1.

FIG. 2 1s a block diagram 1llustrating a configuration of a
voltage controlled oscillation circuit according to Reference
Example 1.

FIG. 3 1s a block diagram 1llustrating a configuration of a
voltage controlled oscillation circuit according to a modified
example of Reference Example 1.

FIG. 4 1s a block diagram 1llustrating a configuration of a
voltage controlled oscillation circuit according to Reference
Example 2.
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6

FIG. 5 1s a block diagram 1llustrating a configuration of a
voltage controlled oscillation circuit according to a known
example.

FIG. 6 1s a diagram 1llustrating output signals of delay cells.

EXPLANATION OF REFERENCE NUMERALS

100 Voltage controlled oscillation circuit

110 Voltage-to-current conversion circuit
111 N-channel MOS transistor

112 P-channel MOS transistor

113 Resistor

114 N-channel MOS transistor

115 N-channel MOS transistor

116 P-channel MOS transistor

120 Current controlled oscillation circuit

121 through 127 Delay cells
121a P-channel MOS transistor
1215 P-channel MOS transistor
121¢ N-channel MOS transistor
121d Capacitor

200 Voltage controlled oscillation circuit
210 Voltage-to-current conversion circuit

211 Resistor

211a and 2115 Resistors

212 N-channel MOS transistor

300 Voltage controlled oscillation circuit
310 Voltage-to-current conversion circuit

311 through 31p Current sources
311a N-channel MOS transistor

31156 Resistor

BEST MODE FOR CARRYING OUT TH
INVENTION

L1l

Hereafter, embodiments and reference examples of the
present mvention will be described with reference to the
accompanying drawings.

Embodiment 1 of the Invention

FIG. 1 1s a block diagram 1llustrating a configuration of a
voltage controlled oscillation circuit 300 according to
Embodiment 1 of the present invention. The voltage con-
trolled oscillation circuit 300 1s a circuit for outputting a
signal (1.e., an output signal Vout) with a frequency corre-
sponding to a received voltage (1.e., aninput voltage Vin). The
voltage controlled oscillation circuit 300 includes a cascade
connection of a voltage-to-current conversion circuit 310 and
a current controlled oscillation circuit 120. The voltage-to-
current conversion circuit 310 1s a circuit for generating a
current (1.e., an mput voltage converted current) correspond-
ing to the mput voltage Vin. The current controlled oscillation
circuit 120 1s a circuit of which an oscillation frequency varies
according to an input voltage converted current generated by
the voltage-to-current conversion circuit 310.

A voltage-to-current conversion circuit 310 includes an
N-channel MOS transistor 111, a P-channel MOS transistor
112, a resistor 211 and a plurality of current sources (1.e.,
current sources 311 through 31p).

The N-channel MOS transistor 111 has a gate connected to
the mput voltage Vin and a drain connected to a gate and a
drain of the P-channel MOS transistor 112. Moreover, a
source of the N-channel MOS transistor 111 1s grounded via
a resistor 113.




US 7,893,777 B2

7

The P-channel MOS transistor 112 1s a transistor consti-
tuting an mput voltage converted current source. A source of

the P-channel MOS transistor 112 1s connected to a power
source VDD.

As shown 1n FIG. 1, a resistor 211 includes a plurality of
resistors connected in series. In FI1G. 1, only two resistors, 1.¢.,
resistors 211a and 2115 are 1llustrated. However, more resis-
tors may be connected in series.

Each power source 1s a circuit for generating a linear cur-
rent to an input voltage. In the example of FIG. 1, two power
sources, 1.¢., power sources 311 and 31p are 1llustrated. How-
ever, between the power sources 311 and 31p, more current
sources may be provided. The power sources all have the
same configuration and therefore the power source 311, rep-
resenting the power sources, will be described.

As shown 1 FIG. 1, the power source 311 includes an
N-channel MOS transistor 311a and a resistor 3115.

The N-channel MOS transistor 311a has a source grounded
via the resistor 3115, a drain connected to a node of the
N-channel MOS transistor 111 and the P-channel MOS tran-
s1stor 112 and a gate connected to either one of anode (1.e., a
node A) of the N-channel MOS transistor 111 and the resistor
211 and a node of resistors (1.e., the resistors 211a and 2115
in this example). That 1s, a potential of the node A or a
potential obtained by resistance dividing a potential between

the node A and the ground is recerved at the gate of the
N-channel MOS transistor 311a.

The current controlled oscillation circuit 120 includes
delay cells provided in a plurality of stages. The number of
stages of delay cells may be an odd number larger than 2. In
the following description, an example 1n which the current
controlled oscillation circuit 120 includes delay cells 121
through 127 provided in seven stages will be shown.
Although only two delay cells, 1.e., delay cells 121 and 127
are 1llustrated 1n an example shown in FI1G. 1, delay cells 122
through 126 are provided between the delay cells 121 and
127. That 1s, the delay cell 121 1s a delay cell 1n a first stage
and the delay cell 127 1s a delay cell in a last stage. The delay
cells all have the same configuration and, theretfore, the delay
cell 121, representing the delay cells, will be described.

As shown in FIG. 1, the delay cell 121 includes P-channel
MOS transistors 121a and 1215, an N-channel transistor 121c¢
and a capacitor 1214d.

The P-channel MOS transistor 1214 constitutes a current
source. A source of the P-channel MOS transistor 121a 1s
connected to a power source VDD and a drain thereof 1s
connected to a source of the P-channel MOS transistor 1215.
Moreover, a gate of the P-channel MOS transistor 121a 1s
connected to a potential of a node of a gate and a drain of the
P-channel MOS transistor 112 and a drain of the N-channel
MOS transistor 111.

The P-channel MOS transistor 1215 has a drain connected
to a drain of the N-channel transistor 121¢ and 1s grounded via
the capacitor 121d. A source of the N-channel transistor 121c¢
1s grounded.

The drains of the P-channel MOS transistor 1215 and the
N-channel transistor 121¢ which constitute a delay cell are
connected to respective gates of the P-channel MOS transis-
tor 1215 and the N-channel transistor 121¢ which constitute a
delay cell 1n the subsequent stage. Moreover, respective
drains (which will be referred to as output ends) of the
P-channel MOS transistor 1215 and the N-channel transistor
121¢ which constitute a delay cell 1n the last stage are con-
nected to respective gates of the P-channel MOS transistor
1216 and the N-channel transistor 121¢ which constitute a
delay cell 1n the first stage.
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Next, the operation of the voltage controlled oscillation
circuit 300 will be described.

In the voltage controlled oscillation circuit 300, the
N-channel MOS ftransistor 311a 1s connected 1n a source
follower connection. Assume that a voltage applied to a gate
of the N-channel MOS transistor 311« 1s Vc. Then, when the
voltage V¢ applied to the gate of the N-channel MOS transis-
tor 311a 1s larger than Vth, a voltage of a node of the N-chan-
nel MOS transistor 311a and the resistor 3115 1s about (Vc—
Vth).

Accordingly, 1f a resistance value of the resistor 3115 1s
R3115b, a current value I8 tlowing in the N-channel MOS

transistor 311a and the resistor 3115 can be expressed by:

18=(Ve-Vth)/R3115.

The above expression shows that the voltage V¢ applied to the
gate of the N-channel MOS transistor 311a 1s shifted by Vth
and thus a linear current flows.

The input voltage converted current value Io will be spe-
cifically described using the power sources 311 through 31p.
In each of the power sources 311 through 31p, a voltage
obtained by resistance dividing a voltage at the node A of the
N-channel MOS transistor 111 and the resistor 211 1s applied
to the gate of the N-channel MOS ftransistor 311a by the
resistors 211a and 2115.

Assume that voltages applied to respective gates of the
N-channel MOS transistor 311a 1in the power sources 311
through 31p are $311x(Vin—-Vth) through p31px(Vin-Vth),
respectively. Note that each of 3311 through 331p 1s a con-
stant of 0 to 1. Moreover, 1f resistance values of respective
resistors 3115 ot the power sources 311 through 31p are R311
through R31p, respectively, and current values of currents
flowing 1n respective N-channel MOS transistors 311a of the
power sources 311 through 31p are 1311 through 131p,
respectively, the following expressions hold.

1311=p311x(Vin—(Vth+Vth/B311))/R311

DBlp=P31px(Vin—-(Vih+Vth/p31p))/R31p

Since a current 16 flowing 1n the resistor 211 and the
respective currents 1311 through 131p tlowing in respective
N-channel MOS transistors 311a of the power sources 311
through 31p flow 1n the P-channel MOS transistor 112, the
input voltage converted current value Io flowing through an
input voltage converted current source (1.e., the P-channel
MOS transistor 112) 1s determined by:

To=(Vin—Vth)/R211+P311x(Vin—( Vth+ Fth/B311))/
R311+. .. +P31px(Vin—(Vth+Fth/B31p))/R31p.

In contrast to the case where the oscillation frequency 1s
reduced 1 a high frequency region 1f only the current 16
having a linear characteristic to an input voltage flows, in the
voltage controlled oscillation circuit 300, reduction 1n the
oscillation frequency can be corrected by the plurality of
currents 1311 through 131p each having a linear characteristic
to an mput voltage.

I1 the currents applied to the gates of the respective N-chan-
nel MOS transistors 311a of the power sources 311 through
31p are changed by changing resistant values of the resistors
211a through 2115 which constitute 211, a voltage at which
correction 1s started can be arbitrarily set. That 1s, 1n this
embodiment, a region which 1s desired to be corrected can be
arbitrarily selected and an amount of correction can be arbi-
trarily selected by changing the resistance values R311
through R31p.

Furthermore, since a current (i.e., a current with a linear
characteristic) which each of the power sources outputs 1s
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determined by a resistor, as shown in the following reference
examples and modified examples thereol, compared to the
case where a current exhibiting the characteristic that an
increase rate for slope 1s positive 1s determined by a conduc-
tance gm of a transistor, fluctuations 1n a current value due to
influences of fabrication process and an ambient temperature
can be suppressed.

Retference Example 1

FIG. 2 1s a block diagram 1llustrating a configuration of a
voltage controlled oscillation circuit 100 according to Refer-
ence Example 1. The voltage controlled oscillation circuit
100 1s a circuit for outputting a signal (i.e., an output signal
Vout) with a frequency corresponding to a recerved voltage
(1.e., an output signal Vout). As shown in FIG. 2, the voltage
controlled oscillation circuit 100 includes a cascade connec-
tion of a voltage-to-current conversion circuit 110 and a cur-
rent controlled oscillation circuit 120. The voltage-to-current
conversion circuit 110 1s a circuit for generating a current
(1.e., an 1nput voltage converted current) corresponding to the
input voltage Vin. The current controlled oscillation circuit
120 1s a circuit of which an oscillation frequency 1s controlled
according to the input voltage converted current generated by
the voltage-to-current conversion circuit 110.

The voltage-to-current conversion circuit 110 includes an
N-channel MOS transistor 111, a P-channel MOS transistor
112, a resistor 113 and an N-channel MOS transistor 114.

The N-channel MOS transistor 111 has a gate connected to
the 1nput voltage Vin and a drain connected to a gate and a
drain of the P-channel MOS transistor 112. A source of the
N-channel MOS transistor 111 1s grounded via the resistor
113.

The P-channel MOS transistor 112 1s a transistor consti-
tuting an input voltage converted current source. A source of
the P-channel MOS transistor 112 1s connected to a power
source VDD.

An N-channel MOS transistor 114 has a gate connected to
the mput voltage Vin of the voltage-to-current conversion
circuit 110. A source of the N-channel MOS transistor 114 1s
grounded and a drain thereof 1s connected to a node of the
N-channel MOS transistor 111 and the P-channel MOS tran-
sistor 112.

The current controlled oscillation circuit 120 includes
delay cells provided 1n a plurality of stages. The number of
stages of the delay cells may be an odd number larger than 2.
In the following description, an example 1n which the current
controlled oscillation circuit 120 includes delay cells 121
through 127 provided in seven stages will be shown.
Although only two delay cells, 1.e., delay cells 121 and 127
are 1llustrated 1n an example shown 1n FIG. 2, delay cells 122
through 126 are provided between the delay cells 121 and
127. That 1s, the delay cell 121 1s a delay cell 1n the first stage
and the delay cell 127 1s adelay cell inthe last stage. The delay
cells all have the same configuration and, theretfore, the delay
cell 121, representing the delay cells, will be described.

As shown 1n FI1G. 2, the delay cell 121 includes P-channel
MOS transistors 121a and 1215, an N-channel MOS transis-
tor 121¢ and a capacitor 1214d.

The P-channel MOS transistor 121a constitutes a current
source. A source of the P-channel MOS transistor 121a 1s
connected to the power source VDD and a drain thereof 1s
connected to a source of the P-channel MOS transistor 1215.
A gate of the P-channel MOS transistor 121a 1s connected to
a potential of a node of a gate and a drain of the P-channel
MOS transistor 112 and a drain of the N-channel MOS tran-
sistor 111.
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The P-channel MOS transistor 1215 has a drain connected
to a drain of the N-channel transistor 121 ¢ and 1s grounded via
the capacitor 121d. A source of the N-channel transistor 121c¢
1s grounded.

Respective drains of the P-channel MOS ftransistor 1215
and the N-channel transistor 121¢ which constitute a delay
cell are connected to respective gates of the P-channel MOS
transistor 1215 and the N-channel transistor 121¢ which con-
stitute a delay cell 1n the subsequent stage. Moreover, respec-
tive drains (which will be referred to as output ends) of the
P-channel MOS transistor 1215 and the N-channel transistor
121¢ which constitute a delay cell 1n the last stage are con-
nected to respective gates of the P-channel MOS transistor
1216 and the N-channel transistor 121¢ which constitute a
delay cell 1n the first stage.

Next, the operation of the voltage controlled oscillation
circuit 100 will be described.

First, when the input voltage Vin 1s larger than Vth (which
1s a threshold voltage of a transistor), a potential of a node
(1.e., anode A) of the N-channel MOS transistor 111 and the
resistor 113 i FIG. 2 1s about (Vin—Vth).

Theretfore, 1t a resistance value R113 of the resistor 113 1s
R113, a current I1 flowing 1n the N-channel MOS transistor
111 and the resistor 113 1s determined by:

11=(Vin-Vth)/R113.

That 1s, 1n the resistor 113, the input voltage Vin 1s shifted by
Vth and thus a linear current to an input voltage flows.

Since the input voltage Vin 1s connected to a gate of the
N-channel MOS transistor 114, a current 12 flowing 1n the
N-channel MOS transistor 114 1s determined by:

I2=p/2x(Vin-Vth)"2.

That 1s, in the N-channel MOS transistor 114, the input volt-
age Vin 1s shufted by Vth and thus a current exhibiting the
characteristic that an increase rate for a slope to the mput
voltage flows. Note that the symbol ~ 1s an exponentiation
operator.

Since the current 11 flowing the N-channel MOS transistor
111 and the resistor 113 and the current 12 flowing 1n the
N-channel MOS transistor 114 tlow in the P-channel MOS
transistor 112, the input voltage converted current value Io of

the input voltage converted current source (1.€., the P-channel
MOS transistor 112) 1s determined by:

To=(Vin-Vth)/R113+p/2x(Vin-Fth) 2.

For 3 in the above expression, f=uxCoxxW/L (where u 1s the
degree of electron movement, Cox 1s a gate capacitance, W 1s
a channel width and L 1s a channel length of a transistor)
holds. Vth denotes a threshold voltage of the transistor.

When a voltage applied to respective gates of the P-channel
MOS ftransistor 1215 and the N-channel transistor 121¢ 1n a
delay cell 1s a Low level, a current value of a current which the
P-channel MOS transistor 1215 passes 1s determined by a
current source (i.e., the P-channel MOS transistor 121a) 1n
the delay cell and the current value 1s the mput voltage con-
verted current value Io (=I1+12).

The oscillation frequency fout of the output signal Vout 1s
determined according to a current obtained by adding the
linear current I1 to the mnput voltage and the current 112
exhibiting the characteristic that an increase rate for a slope to
the input voltage 1s positive.

That 1s, according to this reference example, 1n contrast to
the case where the oscillation frequency 1s reduced 1n a high
frequency region 1 only the current I1 having a linear char-
acteristic to an input voltage tlows, reduction in the oscillation
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frequency can be corrected by the current 12 exhibiting the
characteristic that an increase rate for a slope to the input
voltage 1s positive.

Note that the reference example can be realized by provid-
ing, instead of the N-channel MOS transistor 114, a diode

which 1s a device exhibiting the characteristic that an increase
rate for a slope to the input voltage 1s positive.

Modified Example of Reference Example 1

As shown 1n FIG. 3, instead of the N-channel MOS tran-
sistor 114, 1n the voltage-to-current conversion circuit 110, an
N-channel MOS transistor 115 may be provided.

The N-channel MOS transistor 115 has a gate connected to
a node (1.e., a node A) of the N-channel MOS transistor 111
and the P-channel MOS transistor 112, a drain connected a
node of the N-channel MOS transistor 111 and the P-channel
MOS transistor 112 and a source grounded.

In this modified example, when the mput voltage Vin 1s
larger than a threshold voltage Vth, a potential of the node A
1s about (Vin-Vth). Therefore, 11 a resistance value of the
resistor 113 1s R113, a current I3 flowing 1n the resistor 113 1s
expressed by:

13=(Vin-Vth)/R113.

That 1s, 1n the resistor 113, the input voltage Vin 1s shifted by
Vth and thus a linear current to an input voltage flows.

Furthermore, since the voltage at the node A 1s connected to
a gate ol the N-channel MOS transistor 115, a current 14
flowing 1n the N-channel MOS transistor 115 1s determined
by:

14=p/2x(Vin—-x Vth) 2.

That 1s, in the N-channel MOS transistor 1135, the input volt-
age Vin 1s shifted by 2xVth and thus a current exhibiting the
characteristic that an increase rate for a slope to the mput
voltage 1s positive flows.

Since each of the current I3 flowing in the resistor 113 and
the current 14 flowing in the N-channel MOS transistor 115
flows 1n the P-channel MOS transistor 112, a current value Io
flowing 1n an 1mnput voltage converted current source (1.¢., the
P-channel MOS transistor 112) 1s determined by:

To=(Vin-Vth)/R113+p/2x(Vin-Vih) 2.

Therelore, 1n this modified example, 1n contrast to the case
where the oscillation frequency 1s reduced 1n a high frequency
region, reduction 1n the oscillation frequency can be corrected
by the current 14 exhibiting the characteristic that an increase
rate for a slope to the input voltage 1s positive.

Note that this modified example can be also realized by
providing, instead of the N-channel MOS transistor 115, a
diode which 1s a device exhibiting the characteristic that an
increase rate for a slope to the mput voltage 1s positive.

Retference Example 2

FI1G. 4 1s a block diagram 1llustrating a configuration of a
voltage controlled oscillation circuit 200 according to Refer-
ence Example 2. As shown 1n FIG. 4, the voltage controlled

oscillation circuit 200 includes a voltage-to-current conver-
sion circuit 210 and a current controlled oscillation circuit

120.

The voltage-to-current conversion circuit 210 includes an
N-channel MOS transistor 111, a P-channel MOS transistor
112, a resistor 211 and an N-channel MOS transistor 212.
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The resistor 211 includes a resistor 211a and a resistor
2115 connected 1n series. One end of the resistor 211 1s
connected to a source of the N-channel MOS transistor 111
and the other end 1s grounded.

A gate ol the N-channel MOS transistor 212 1s connected to
etther one of a node ot the N-channel MOS transistor 111 and
the resistor 211 and a node of the resistor 2114 and the resistor
2115. In the example of FIG. 4, the gate 1s connected to the
node of the resistors 211a and 2115.

A drain of the N-channel MOS transistor 212 1s connected
to a node of the N-channel MOS transistor 111 and the
P-channel MOS transistor 112 and a source thereof is
grounded.

Next, the operation of the voltage controlled oscillation
circuit 200 will be described.

In the voltage controlled oscillation circuit 200, when an
input voltage 1s larger than Vth, a voltage at a node A of the
N-channel MOS transistor 111 and the resistor 211 1s about
(Vin—Vth). Therefore, 1f a resistance value of the resistor 211
1s R211, a current 16 flowing in the resistor 211 and the
N-channel MOS transistor 111 1s determined by:

16=(Vin—-Vth)/R211.

Therefore, 1n the resistor 211, the mput voltage Vin 1s shitted
by Vth and thus a linear current to the mput current flows.
Moreover, a voltage obtained by resistance dividing the
voltage at the node A 1s applied to a gate of the N-channel
MOS transistor 212. If a potential at a gate of the N-channel
MOS transistor 212 1s Vb, the following expression holds.

Vo=ax(Vin-Vih)

In the above expression, ¢ 1s a constant of 0 to 1.

Accordingly, 1f the potential at the gate of the N-channel
MOS transistor 212 1s Vb, a current 17 flowing 1n the N-chan-
nel MOS transistor 212 1s determined by:

I7=P/2x(Vb=Vth) 2.

Then, when the gate potential Vb 1s replaced with the above
eXpression,

I7=P/2xa” 2x(Vin-(Vth+ Vth/o)) 2

1s obtained. Theretfore, 1n the N-channel MOS transistor 212,
the 1put voltage Vin 1s shifted by (Vth+Vth/a) and thus a
current exhibiting the characteristic that an increase rate for a
slope to the mput voltage 1s positive tlows.

Since the current 16 tlowing in the resistor 211 and the
N-channel MOS transistor 111 and the current I7 flowing in
the N-channel MOS transistor 212 flow in the P-channel
MOS transistor 112, the input voltage converted current value

Io flowing 1n the mput voltage converted current source (1.e.,
the P-channel MOS transistor 112) 1s determined by:

To=(Vin—Vth)/R105+p/2xa 2x (Vin—( Vth+Vth/a)) 2.

As has been described, 1n the voltage controlled oscillation
circuit 200, reduction 1n the oscillation frequency 1n a high
frequency region can be corrected by 17 exhibiting the char-
acteristic that an increase rate for a slope to an input voltage 1s
positive.

Moreover, 1f a voltage applied to the gate of the N-channel
MOS transistor 212 1s changed by changing respective resis-
tance values of the resistors 211a and 2115 constituting the
resistor 211, a voltage at which correction of an output fre-
quency 1s started can be arbitranly set.

Note that also this reference example can be realized by
providing, instead of the N-channel MOS transistor 212, a
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diode which 1s a device exhibiting the characteristic that an
increase rate for a slope to the input voltage 1s positive.

INDUSTRIAL APPLICABILITY

A voltage controlled oscillation circuit according to the
present invention has the effect of making an output fre-
quency linear to an mput voltage within a wide frequency
range. Therefore, an mventive voltage controlled oscillation

5

circuit 1s useful as a voltage controlled oscillation circuit or 10

the like of which an oscillation frequency i1s controlled
according to an input voltage.

The mvention claimed:
1. A voltage controlled oscillation circuit comprising:

a voltage-to-current conversion circuit, which includes a
first current source and a plurality of second current
sources, each being configured to output a current
according to an input voltage, the voltage-to-current
conversion circuit generates a current obtained by add-
ing a current output by the first current source and cur-
rents output by the plurality of second current sources;
and

15

14

a current controlled oscillation circuit of which an oscilla-

tion frequency varies according to a value of an output
current of the voltage-to-current conversion circuit,
wherein:

the first current source includes a first MOS transistor and

1s configured so that the input voltage 1s applied to a gate
of the first MOS transistor, an end of a current path of the

first MOS transistor 1s connected to a reference voltage
via a first resistor and a second resistor, and thereby a
current 1s caused to pass through the current path, and

cach of the plurality of second current sources includes a

second MOS transistor and 1s configured so that a volt-
age at a connection node of the first resistor and the
second resistor 1s provided to a gate of the second MOS
transistor, an end of a current path of the second MOS
transistor 1s connected to the reference voltage via at
least one resistor, and thereby a current 1s caused to pass
through the current path.

2. The voltage controlled oscillation circuit of claim 1,

20 wherein:
cach of the first and second MOS transistors are N-channel

MOS transistors, and the reference voltage 1s ground.
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